Changes in acid-base metabolism have been recognized for many years as one of the most important factors influencing the magnitude of the diuretic response to organic mercurials. Diuresis is potentiated during metabolic acidosis and is suppressed during metabolic alkalosis. The mechanism by which these effects are mediated has been the subject of a number of studies. In general, two separate points of view have been considered: first, that they are attributable to changes in pH which presumably either modify the metabolic fate of the mercurial 4 or alter the affinity of a renal component for the drug; and secondly, that the responsiveness of the kidney varies with alterations in the ionic composition of the plasma which are independent of pH. Evidence in support of the latter thesis has been presented by Axelrod and Pitts (1) in studies on respiratory and metabolic acidosis. These authors have postulated that the concentration of chloride in the glomerular filtrate is the major factor that determines the effect of organic mercurials. Although this thesis has been widely accepted in recent years, there are a number of observations which cannot be explained by
Changes in acid-base metabolism have been recognized for many years as one of the most important factors influencing the magnitude of the diuretic response to organic mercurials. Diuresis is potentiated during metabolic acidosis and is suppressed during metabolic alkalosis. The mechanism by which these effects are mediated has been the subject of a number of studies. In general, two separate points of view have been considered: first, that they are attributable to changes in pH which presumably either modify the metabolic fate of the mercurial 4 or alter the affinity of a renal component for the drug; and secondly, that the responsiveness of the kidney varies with alterations in the ionic composition of the plasma which are independent of pH. Evidence in support of the latter thesis has been presented by Axelrod and Pitts (1) in studies on respiratory and metabolic acidosis. These authors have postulated that the concentration of chloride in the glomerular filtrate is the major factor that determines the effect of organic mercurials. Although this thesis has been widely accepted in recent years, there are a number of observations which cannot be explained by it. These include the diuretic response observed during ammonium nitrate acidosis (2) , chronic ammonia chloride administration (3) , and the extracellular alkalosis of potassium depletion (4) .
Experiments were therefore designed to reexamine the hypothesis that pH itself might influence the metabolic fate of organic mercurials. Benesch and Benesch have described a two step reaction between mersalyl and dimercaprol (5) .
The first reaction results in the formation of a dimercaptide and is not pH dependent; the second reaction results in the rupture of a carbon to mercury bond and is pH dependent. Using this in vitro reaction as a model, it was decided to compare the diuretic response to an organic mercurial with that to inorganic mercury under different conditions of acid-base balance. Thus, it was postulated that inorganic mercury, not requiring the rupture of the carbon to mercury bond, might be effective during acute metabolic alkalosis, whereas an organic mercurial would be relatively ineffective.
METHODS
Two types of experiments were carried out on trained mongrel female dogs. In one type standard clearance techniques were employed with continuous intravenous infusion, while in the other metabolism cages were used for collecting urine for three hours after drug administration. Since the clearance studies lasted for a similar three hours, the results obtained from these two types of studies have been combined where applicable. Each dog served as her own control, with an interval of at least one week between experiments. Dogs were maintained on a standard diet consisting of Purina Chow Dog Checkers.
In the clearance experiments, animals were fasted 12 to 18 hours before each experiment, but allowed free access to water. Alkalosis was produced by the rapid infusion of 300 to 500 ml. of isotonic sodium bicarbonate at 14 ml. per minute until the urine became alkaline and the plasma bicarbonate was elevated to the range of 26 4* 100 minutes.
to 29 mEq. per L. In experiments during normal conditions of acid-base balance 300 ml. of isotonic sodium chloride was infused, and serum chloride and bicarbonate remained within the normal range. Acidosis was produced by the administration of 10 grams of ammonium chloride by stomach tube in two divided doses on the afternoon prior to the experiment. During the clearance experiment itself, the acidotic dog received the same priming and sustaining infusion as in the experiments carried out under normal conditions. In all experiments following completion of the initial infusion, the rate was reduced to 2 ml. per minute using a solution identical in electrolyte concentration to that initially employed.
Creatinine was added to all infusions to maintain constant plasma levels of about 20 mg. per cent. Thirty minutes were allowed for equilibration and two 20 minute control periods were then taken. The diuretic was injected intravenously over a five minute period. for the next three hours, at the end of which the bladder was emptied by catheterization. In control experiments, without diuretics, electrolyte excretions were essentially constant during this five hour period. In both the "clearance" and "cage" types of experiments, results have been expressed in most instances as the change in urinary chloride excretion, obtained by subtracting the control rate of excretion from that after the diuretic.
The creatinine clearance (Cc,) was used as the measure of the glomerular filtration rate; creatinine was determined by the alkaline picrate method using trichloroacetic acid filtrates of plasma. Sodium and potassium were determined on a Patwin flame photometer with an internal lithium standard; plasma carbon dioxide was determined on samples collected anaerobically by the manometric method of Van Slyke; urine carbon dioxide, by the volumetric method of Van Slyke. In all experiments, results have been expressed as the concentration of bicarbonate (HCO-J) in the plasma, obtained, by subtracting carbonic acid from total CO.. In some experiments, when pH was determined, carbonic acid was calculated from the Henderson-Hasselbalch equation; in others, pCO2 was assumed constant at 40 mm. Hg. Urine and blood samples were collected anaerobically under oil and pH was determined immediately with a Beckman Model G pH meter. Chloride was originally measured by the method of Wilson and Ball (6) 
RESULTS
In preliminary experiments on acute metabolic alkalosis comparison was made between the effects of meralluride (2 mg. of Hg per Kg.) and inorganic mercury as mercuric chloride (1 mg. of Hg per Kg.). In confirmation of many previous observations the organic mercurial was ineffective. In contrast, mercuric chloride had a marked chloruretic action in some dogs, while in others this was less marked and appeared late in the experiment (see Table I and Figure 1 ). It was considered that this inconsistent response might be related either to cardiac toxicity or to binding of mercuric ions to plasma proteins and to early distribution to organs other than the kidney. Since Farah and Maresh (8) have shown that the administration of a monothiol, such as cysteine, reduces cardiac toxicity without alteration in diuretic potency, inorganic mercury was administered as mercuric cysteine in subsequent experiments. As shown in Table I and Figure 1 , mercuric cysteine uniformly produced a chloruresis during alkalosis.
Since the acute metabolic acidosis produced by ammonium chloride potentiates the chloruretic action of organic mercurials, experiments were undertaken to determine whether the action of inorganic mercury (as mercury cysteine) would be similarly increased. forms of mercury has been considered as evidence that the organic compounds act as intact molecules rather than by the rupture of a carbon to mercury bond (9) . Experiments were therefore done to compare mercuric cysteine and meralluride over a wide dosage range. As shown in Figure 2 , the maximal increase in chloride excretion was about 8 mEq. per Kg. over the three hour period of observation. This corresponds to the loss of approximately one-third of the chloride in extracellular fluid, and is also equivalent to the excretion of approximately 20 per cent of the filtered chloride at the peak of the diuretic response.
Several points of interest are to be emphasized from the data depicted in Figure 2: 1 The magnitude of diuresis has been considered in terms of the urinary excretion of chloride since the primary effect of mercurials is generally believed to be chloruretic (1) . In all experiments, changes in urinary sodium paralleled those of chloride; variations in potassium excretion were minor and inconsistent. In some experiments, an increase in bicarbonate excretion was noted; this was related to slight fluctuations in the serum bicarbonate concentration.
In the present experiments the peak response was obtained between one and two hours and, by the third hour, the diuresis had subsided. As shown in Table I , the same relationships were observed whether the results were expressed as the change in chloride excretion over this entire period or as the peak rate of excretion. Others have shown that the absolute magnitude of chloruresis is partially determined by the volume of extracellular fluid (11) .
Although it has been shown that an acute reduction in filtration rate to 75 per cent of the control value blocks the response to organic mercurials (12) , it is apparent from the results shown in Table I The dotted line represents the average rate of primary and sustaining chloride infusions which varied not more than 10 per cent from one experiment to the other. The protocol for these experiments and the clearance and plasma electrolyte data are summarized in Table II (Dog  B) .
an increased chloride load was delivered to the tubules. Under these conditions the alkalosis produced in the sodium bicarbonate experiments was associated with a slight elevation of the serum chloride. This alkalosis was accompanied by a marked decrease in the chloruretic response to meralluride; a normal chloruresis was obtained when the additional anion load was either nitrate or sulfate.
DISCUSSION
The present evidence relating to the effect of acid-base balance on mercurial action may be summarized as follows. Consistent with the "chloride load hypothesis" are the following: 1) In the comparison of respiratory and metabolic acidosis, potentiation of mercurial diuresis is correlated with hyperchloremia rather than with the pH of the plasma (1).6 2) Although mercuric cysteine 8 There is no a priori reason why plasma pH must be implicated in the action of mercurials. The pH at the intra-renal site of action of the drug is probably the critical parameter, and there is no evidence to suggest the changes there will be the same as in plasma. The acidity of urine is a parameter that correlates well with mercurial effectiveness (see below).
is not significantly potentiated by ammonium chloride acidosis, its action is somewhat decreased by a moderate metabolic alkalosis with plasma bicarbonate levels in the range of 26 to 29 mEq. per L.
3) An acute depression of the glomerular filtration rate is associated with a corresponding decrease in the amount of chloride filtered without any accompanying change in the pH of body fluids. While mercurials become inactive under these circumstances, the physiological disturbances are of such a nature that this type of experiment may well not be relevant to the present problem.
The following observations cannot be readily interpreted in terms of the "chloride load hypothesis": 1) Metabolic alkalosis and acidosis have a profound effect on the potency of organic mercurials and considerably less of an effect on the potency of inorganic mercury given as the mercuric cysteine complex.
2) The simultaneous administration of acetazolamide inhibits organic mercurials (13) but our preliminary experiments indicate only a negligible effect on mercuric cysteine. 3) When various sodium salts are administered along with sodium chloride, the chloruretic response to organic mercurials is inhibited during metabolic alkalosis despite slight elevations in the plasma chloride level. 4) In the dog, a decrease in plasma chloride of 5 to 7 mEq. per L. is uniformly associated with refractoriness to organic mercurials when this is produced by isotonic sodium bicarbonate infusions, but a normal mercurial diuresis is obtained if a similar degree of hypochloremia is produced by simple hemodilution, i.e., by the administration of water (14) .7 5) During potassium depletion there is a normal response to mercurials despite hypochloremia (4). 6) Ammonium nitrate potentiates mercurial diuresis without an increase in plasma chloride (2). 7) Potentiation of mercurials by ammonium chloride occurs in chronic experiments in the absence of hyperchloremia (3) .
If the diuretic action of mercurials involves a pH dependent reaction, does this occur in the cells of the kidney or in the urine within the tubule? Our knowledge of renal intracellular pH is so 7A similar observation has been reported by Farah and Koda (15) fragmentary and so indirect that this question cannot be answered at present. Since the electrolyte metabolism of the kidney is so different from that of other tissues, it would appear unreasonable to attempt to define renal mechanisms by extrapolation from other tissues. It is generally believed that the site of mercurial action is on the tubular cell (or on its membrane), and there is good evidence that mercurials are taken up by the cells of the kidney and thence secreted into the tubular urine (16) (17) (18) . Hence it might be logical to conceive of a pH dependent reaction as occurring within the cell itself. However, there is no a priori reason why the rupture of a carbon to mercury bond could not occur within the tubular urine. This might then be followed by a subsequent reaction between mercuric ions and the immediately adjacent cellular membrane. In this connection the findings reported by Nicholson (19) are of interest. He employed a histochemical modification of the earlier experiment of Macallum and Campbell (20) and interpreted his findings as indicating a zone of marked acidity in the region of the brush border of the proximal tubule.
Mercuric cysteine was initially employed in these experiments because of the possibility that the inconsistent results obtained with mercuric chloride might be attributable to cardiac toxicity. In retrospect no evidence of cardiac toxicity was observed with mercuric chloride when given slowly intravenously in the small doses that were employed. A more plausible interpretation of the relative potencies of mercuric chloride and mercuric cysteine involves their distribution within the body. Tissue analyses have not been performed. However, it was observed that the initial rate of excretion of mercury in the urine was about twice as great with mercuric cysteine as with mercuric chloride (21) ; presumably this may be a function of the amount taken up by the kidney from the plasma.
The relative ineffectiveness of mercuric chloride, when compared to organic mercurials, has previously been considered as evidence against the thesis that the diuretic activity of the organic compounds is attributable to the mercuric ion itself (9) . However, the argument loses validity by the demonstration that the mercuric cysteine complex is more potent than the organic mercurials thus far tested. Further evaluation of this question involves a consideration of the metabolism and structure-activity relationships of the organic compounds. Our findings, to be presented in a subsequent paper, support the thesis that diuretic activity results from the rupture of a carbon to mercury bond with the liberation of mercuric ions.
SUMMARY
The potentiation of mercurial diuretics by acidforming salts was studied by two approaches. First, the effects of varying doses of meralluride and a mercuric salt, mercuric cysteine, on chloruresis were compared in normal, acidotic (NH4Cl) and alkalotic (NaHCO8) dogs. The mercuric salt is a much more potent chloruretic and it is influenced to a much smaller extent by changes in acid-base balance than is meralluride. This finding is interpreted as indicating that a major part of potentiation by acid-forming salts is related to the relative ease of release of mercuric ions from organic mercurials in acid media.
Second, dogs received hypertonic infusions which kept plasma chloride concentration and glomerular filtration rate elevated, while the acidbase balance was varied by the infusion of other anions, i.e., nitrate, sulfate and bicarbonate. Under these circumstances, with almost identical chloride load, bicarbonate inhibited the mercurial effect, while nitrate and sulfate did not. This finding emphasizes the role of pH in determining mercurial effectiveness.
